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SUMMARY 

lc1 I31 
Free-fl ight t e s t s  were conducted a t  subsonic and low supersonic speeds t o  

determine the  s t a t i c  and dynamic s t a b i l i t y  charac te r i s t ics  of three Apollo 
abort  configurations: 
s t rakes ,  and command module plus  escape tower with f l a p .  
were launched i n  the  apex-forward a t t i t u d e  and large-amplitude, near ly  planar 
motions were observed. 
large-amplitude data ,  t h e  question w a s  examined whether computer-synthesized 
motions, based on conventional wind-tunnel experimental r e s u l t s ,  could be made 
t o  match t h e  observed motions. In general ,  it w a s  possible  t o  g e t  good agree- 
ment between t h e  observed and synthesized motions. The command module alone 
w a s  s t a t i c a l l y  and dynamically s tab le  i n  the  apex-forward a t t i t u d e .  The other 
two configurations performed t h e i r  expected turn-around maneuver t o  a heat- 
shield-forward a t t i t u d e  but d id  not immediately maintain t h i s  a t t i t u d e  and i n  

command module alone, command module with aerodynamic 
A l l  of the models 

Since a new technique w a s  required f o r  analyzing 

some cases did not maintain it 

A necessary and important 

-9." a t  a l l .  

INTRODUCTION 

p a r t  of Project Apollo, a manned lunar- 
~ 

exploration pro jec t ,  i s  t h e  launch escape system t o  be employed when an abort  
p r i o r  t o  atmospheric e x i t  i s  necessary. The abor t  maneuver consis ts  of sepa- 
r a t i n g  the command module from the booster by means of  an escape rocket and, 
a f t e r  a short  period of power-off f r e e  f l i g h t  following escape-rocket burnout, 
properly reorient ing the  command module-for descent with t h e  heat sh ie ld  for- 
ward. The heat sh ie ld  must be forward for proper deployment of the parachute. 

. . .:w.- ~ 

Conventional wind-tunnel data  (unpublished) indicated t h a t  a t  subsonic 
and low supersonic speeds the  command module alone w a s  s tab le  i n  the apex 
forward att i tude and would not. reor ien t  i t s e l f  t o  a heat-shield-forward a t t i -  
tude The NASA! Manned Spacesraft Center requested t h a t  free-fl ight t e s t s  be 
made t o  confirm t h i s  result and t o  determine whether two proposed configura- 
t i o n s  would el iminate  t h i s  apex-forward t r i m  point .  One of these configura- 

' t i o n s  w a s  s i p p l y  t h e  command module with strakes added i n  t h e  transverse plane 
of geometric symmetry; t h e  other  consisted of t h e  command module plus the 
launch escape tower with a f l a p .  The purpose of these addi t ions t o  the basic  
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command module w a s  t o  prod 
any s t a b i l i t y  i n  the  apex- 
t e s t e d  i n  the Ames Pressurized B a l l i s t i c  Range grid a l l  w$'B launched i n  an 

gtmoment t h a t  would eliminate 
.the conf igllrat ions were 

apex-forward a t t i t u d e  . e:: 

The large-amplitude motions of the  models i n  f r e e - f l i g h t  t e s t s ,  and t h e  
inherent nonl inear i t ies  i n  t h e  aerodynamic coef f ic ien ts ,  made it impractical  
t o  obtain these coef f ic ien ts  i n  a straightforward manner. Instead, the reverse 
problem w a s  considered, t h a t  of determining whether synthesized motions based 
on conventional wind-tunnel data  could be made t o  match the  near ly  planar free- 
f l i g h t  mot ions.  

SYMBOLS 

A f r o n t a l  area 

l i f t  l i f t  coef f ic ien t ,  - 
l o c a l  r a t e  of change of CL w i t h  0 ,  -, per rad aCL 

cL SA 

cLO a0 

Cm 
i tching moment pitching-moment coef f ic ien t ,  p 

qAd 

) damping-in-pitch der iva t ive ,  , per rad  ( C q  + Cm; 

d 

=Y 

m 

q 

R 

rg 

t 

v 

maximum diameter of model 

moment of i n e r t i a  about a t ransverse a x i s  through the  center  
of grav i ty  and perpendicular t o  the  plane of mass symmetry 

mass of model 

free-stream dynamic pressure 

Reynolds number based on maximum diameter and free-stream 
. 

cond i t ions 

radius of gyration , ,/qm 
independent var iable  (time ) f o r  synthe s ized mot ion p l o t s  

ve loc i ty  along f l i g h t  path 

a x i a l  dis tance from center  of heat sh ie ld  t o  center-of-gravity 
pos i t  ion . 
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t ransverse dis tance frbm;m$Qgf Venter l i n e  i o  ceiiter-of-graTr’+Tr . .; . pos i t ion  0 . .  .. 

;.* ..* 
angle of a t t a c k  ( i n  the  v e r t i c a l  plane) ( a  = 0 corresponds t o  apex- 

forward a t t i t u d e  ) 

angle of s i d e s l i p  ( i n  the horizontal  plane) ( P  = 0 corresponds t o  apex- 
forward a t t i t u d e )  

angle between f l i g h t  path and horizontal  

angle between body a x i s  and horizontal  

free-stream a i r  densi ty  

r e s u l t a n t  angle of a t tack ,  t a n - l J t a n 2 a  + t a n  P 2 

MODELS AND TEST CONDITIONS 

Detai ls  of the command module and the two turn-around models a r e  sketched 
i n  f igure  1. 
center  of g r a v i t y  w a s  o f f s e t  by a cylinder of tungsten a l l o y  inser ted  through 
the  model off  the  model center  l i n e .  
aluminum and glued i n t o  s l o t s  i n  the command module. 
w a s  constructed from s t e e l  d r i l l  rod and assembled with a high-strength solder.  
The tower members a r e  about 75 percent larger  i n  diameter than the t r u e  scaled 
s i z e  so as t o  withstand the gun launching. The f l a p  at tached t o  the  tower 
s t ruc ture  w a s  made of brass sheet .  Photographs of t h e  models a r e  given i n  
f igure  2 .  

The command module w a s  machined from 7075-T6 aluminum and the  

The strakes ( f i g .  l ( a ) )  were made of 
The tower ( f i g .  l ( b ) )  

The models were gun launched i n t o  t h e  Ames Pressurized E a l l i s t i c  Range, 
where time-distance h i s t o r i e s  and a t t i t u d e  h i s t o r i e s  were recorded a t  24 spark 
shadowgraph s t a t i o n s  along i t s  2O3-foot length.  The models were launched i n  
an apex-forward a t t i t u d e  i n t o  s t i l l  air a t  atmospheric pressure over a Mach 
number range from 0.33 t o  2.05. 
2.3X1O6 based on free-stream conditions and model diameter. 
command module alone w a s  launched i n t o  s t i l l  a i r  a t  2.8 atmospheres t o  observe 
flow d e t a i l s  on the  model and de tec t  differences,  i f  any, i n  s t a b i l i t y  r e s u l t -  
ing from a fu l l - sca le  Reynolds number. 
number w a s  3.43xl.06. 

Reynolds numbers var ied from 0.4OxLO6 t o  
One model of the  

For t h i s  t e s t  the  average Reynolds 

The physical c h a r a c t e r i s t i c s  of the models and the  respective f l i g h t  con- 
d i t i o n s  f o r  each t e s t  a r e  summarized i n  table  I. 

DATA REDUCTION 

The purpose of t h e  t e s t s  on both the  command module alone and the turn- 
around configurations w a s  t o  observe the  motion of these bodies i n  f r e e  f l i g h t  
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s t a r t i ng  with an i n i t i a l  a t t i t u d e  of ap'ek.fogwar$ (heat  qbield a f t ) ,  and t o  
determine , i f  possible  , meaningful aerodynamic 'Coeffici&$. 
resu l t ing  angular motions were e i t h e r  of very high amplggbde o r  tumbling. 
a l l  cases, the  motion w a s  near ly  planar  and r o l l  rates were small enough t o  
be considered negl ig ib le .  

A s  expected, t h e  
In 

Free-fl ight o s c i l l a t o r y  motions of l o w  amplitude can usual ly  be reduced 
and analyzed so t h a t  aerodynamic s t a b i l i t y  coe f f i c i en t s  can be ex t rac ted  
d i r e c t l y  from the  frequency and amplitude h i s t o r y  of t h e  motion. 
f o r  bodies with nonlinear pi tching moments t h a t  o s c i l l a t e  through l a rge  ampli- 
tudes,  such as encountered i n  the  present t e s t s ,  the  der iva t ion  of  meaningful 
s t a b i l i t y  coef f ic ien ts  i n  t h i s  manner i s  near ly  impossible unless  da ta  a r e  
recorded continuously. A d i f f e r e n t  approach w a s  therefore  necessary f o r  ana- 
lyzing the  results. 

However, 

This approach consisted of determining whether motions synthesized from 
conventional wind-tunnel experimental r e s u l t s  could be made t o  correspond t o  
the  nearly planar motions of l a rge  amplitude observed i n  the  f r ee - f l i gh t  t e s t s .  
The method w a s  t o  match the  observed angular motion as near ly  as possible  by 
matching the  model c h a r a c t e r i s t i c s  and f r ee - f l i gh t  t e s t  conditions ( i  .e. , a i r  
dens i ty  and ve loc i ty  h i s t o r y ) ,  and then t o  in tegra te  numerically on a d i g i t a l  
computer t he  d i f f e r e n t i a l  equation of angular motion with coe f f i c i en t s  provided 
from conventional wind-tunnel aerodynamic d a t a .  The synthesized motion i s  
r e s t r i c t e d  t o  planar motion with three  degrees of  freedom (one ro t a t iona l ,  two 
t r ans l a t iona l )  and, consequently, can be compared only t o  those f r ee - f l i gh t  
motions t h a t  a r e  planar o r  near ly  so .  
motion w a s  used t o  generate the  synthe t ic  motions. 
development of  t h i s  equation. ) 

The following equation of angular 
(See appendix f o r  t h e  

where 

v = V ( t )  

Equation (1) w a s  in tegra ted  numerically with the  coe f f i c i en t s  provided as 
follows : 

The constants  

The parameter 

A, d ,  Iy, rg, and m 

p 

a r e  the model geometric characteristics: 

i s  free-stream air  dens i ty  of t he  t e s t  and i s  constant .  

The parameter V i s  t h e  ve loc i ty  of t he  model and decreases with time as 
a r e s u l t  o f  aerodynamic drag. This parameter w a s  entered i n t o  the  in t eg ra t ion  
program i n  the  form of a t a b l e  of 

4 
V versus  t ,  obtained from the  experimental 
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time-distance h is>pr ies ,  used a t  eacn s t ep  
of t h e  integrat i0Q.F deterdline a value f o r  V. 
h i s t o r y  i s  shown %.figure 3. 

An example of a ve loc i ty  

The aerodynamic coef f ic ien ts  were obtained from previously unpublished 
conventional wind-tunnel experimental r e su l t s  from Ames Research Center, North 
American Aviation, and Arnold Engineering Development Center. These r e s u l t s  
a r e  shown i n  f igu re  4. The f igures  show 
tunnel  da ta  i s  equivalent t o  0 f o r  present tes ts)  f o r  each configuration f o r  
t h e  appropriate  Mach numbers encountered i n  t h e  f r ee - f l i gh t  t e s t s .  

Cm and CL versus a (a for wind- 

The parameter Cm i s  the  pitching-moment coef f ic ien t  and i t s  value va r i e s  
with both Mach number (or veloc i ty)  and angle of a t t ack .  
Cm versus u 
ber  range of t h e  t e s t  was entered i n t o  the  program. 
gra t ion ,  t he  ve loc i ty  was determined, a s  mentioned previously.  The angle of 
a t t a c k  w a s  determined as a d i r e c t  r e s u l t  of t he  in tegra t ion .  Fromthese two 
pieces  of  information, the  proper value f o r  Cm w a s  obtained by double in t e r -  
polat ion i n  t h e  t a b l e .  

A t a b l e  containing 
f o r  each of severa l  d i f f e r e n t  Mach numbers spanning the  Mach num- 

A t  each s t ep  of the  in te -  

The parameter C L ~  i s  the  l o c a l  l i f t - cu rve  slope a t  each angle of a t t a c k  
and w a s  ca lcu la ted  from a t a b l e  of CL versus u which w a s  entered in to  the  
program f o r  various Mach numbers, a s  with C, versus u. The values of CL, 
a t  each s t ep  of t he  in tegra t ion  were determined by combining double interpola-  
t i o n  i n  the  t ab le  with a f in i te -d i f fe rence  technique t o  obtain a slope. 

The quant i ty  ( C  + Cma) i s  the  only undetermined parameter i n  equa- ms 
t i o n  (1). Arbi t ra ry  constant values of t h i s  parameter (aerodynamic damping) 
were fed in to  the  program u n t i l ,  by t r ia l  and e r r o r ,  t he  bes t  possible  match 
t o  t h e  observed motion w a s  obtained. 
qu i te  s ens i t i ve  t o  t he  value of ( C  
aerodynamic damping were ava i lab le  (avai lable  only f o r  tower-flap models and 
i s  shown i n  f igu re  5 f o r  
program i n  t h e  form of (Cms + Cm,) versus 0 

but  only f o r  one &ch number which corresponded c lose ly  t o  the  average Mach 
number of t h e  f l i g h t .  
instance.  With t h e  aerodynamic damping also specif ied,  a l l  t he  coe f f i c i en t s  
of equation (1) were determined and the  motion produced w a s  unique. 

I n  a l l  cases the  motion generated w a s  
When da ta  f o r  + Cab) t h a t  w a s  chosen. 

%I 

M = 0.3 and M = 0.8), they were entered i n t o  the  
s i m i l a r  t o  t h e  C, versus u data  

In te rpola t ion  between Mach nmbers  was not used i n  t h i s  

The i n i t i a l  conditions f o r  s t a r t i n g  the in tegra t ion  were matched a t  the  
The first peak amplitude of t h e  observed motion where 

synthesized motions a r e  p lo t t ed  with t = 0 corresponding t o  the  time when the  
model emerged f r o m t h e  gun muzzle. 
t = 0 t o  ti, t h e  time a t  which the i n i t i a l  conditions were chosen t o  start  the  
in tegra t ion ,  w a s  obtained by in tegra t ing  in the  d i r ec t ion  of decreasing time 
from ti t o  t = 0. 

LS = upeak and 3 = 0. 

The part  of t h e  synthesized curve from . 



The observed and synthesized motions of each of the thpee configurations 
A l l  the  models exhibited near ly  planar motion i n  a r e  compared and discussed. 

f l i g h t ;  therefore ,  the comparison of observed motions t o  motions synthesized 
from equations o f  planar motion i s  v a l i d .  

Command Module Alone 

A t  t h e  beginning of the  t e s t  program three  exploratory f l i g h t s  of the  
command module alone were conducted i n  the  f irst  seven s t a t i o n s  of t h e  range. 
The f i r s t  two t e s t s  were conducted a t  atmospheric pressure a t  M Z 1.1 and 
M = 0.7, respect ively.  
a t  
from the f a i r e d  p l o t s  i n  f igure  6, a l l  th ree  show s t a t i c  s t a b i l i t y  about a 
t r i m  condition near 
determine any important e f f e c t s  of Reynolds number on s t a b i l i t y .  
of the  motion h i s t o r i e s  of f igure  6 and observation of the  flow conditions 
from the shadowgraphs l e d  t o  the  conclusion t h a t  there  was no s i g n i f i c a n t  
difference due t o  Reynolds number. 

The t h i r d  was conducted a t  2.8 atmospheres pressure 
M = 1.1 and a t y p i c a l  fu l l - sca le  Reynolds number of 3.4XlO6. A s  seen 

0 = 400. The purpose of the high-pressure t e s t  w a s  t o  
A comparison 

Figure 7 shows the observed and synthesized motions of a 24-station 
f l i g h t  of the command module alone launched a t  an i n i t i a l  Mach number of 2.05 
and decelerating t o  
motion were 
t h a t  w a s  judged t o  be the  b e s t  match t o  the da ta  w a s  the  one which came 
c loses t  t o  passing through the  da ta  points  and a t  the same time maintained the  
same peak amplitudes as the  f a i r e d  p l o t .  
forward the command module i s  both s t a t i c a l l y  and dynamically s t a b l e  i n  t h i s  
Mach number range and o s c i l l a t e s  about a trim angle of -36'. In  general ,  the  
synthesized and observed motions match extremely well; however, it i s  apparent 
t h a t  the  observed motion has a s l i g h t l y  higher frccpdency than the  synthesized 
motion. This difference i n  frequency would indicate  t h a t  the  f ree- f l igh t  
model experienced s l i g h t l y  higher pi tching moments than the  wind-tunnel da ta  
indicate .  A value of ( C  
p l o t  and therefore  represents the  average aerodynamic damping f o r  t h i s  ampli- 
tude range. 

M = 1.29, The i n i t i a l  conditions f o r  the  synthesized 
ai = 66O, 5i = 0 a t  ti = 0.0115 second. The synthesized motion 

It can be seen t h a t  with i t s  apex 

+ Cm6) = -0.15 was used t o  obtain the synthet ic  % 

It should be noted, both f o r  t h i s  case and the  following ones, t h a t  t h e  

t = 0 t o  t i .  
synthet ic  angle t h a t  appears a t  
ex is ted  a t  t h a t  point had the  model been i n  f ree  r o t a t i o n  from 
This i s  n o t  the  case, however, because there  i s  a f i n i t e  period of t i m e  a f t e r  
emergence from the gun i n  which t h e  model r o t a t i o n  i s  affected by sabot sepa- 
r a t i o n  and f l o w  establishment. 

t = 0 second i s  the  angle tha t  would have 
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Figure 8 shoq. the observed data  points and the synthesized motions which 
bes t  matched t h e  oV&ved poin ts  for two f l i g h t s  of t h e  command module with 
s t rakes .  For the  f irst  f l i g h t  ( f i g .  8 ( a ) )  the model w a s  launched a t  an i n i t i a l  
Mach number o f  M = 1.10 and decelerated t o  M = 0.73. The i n i t i a l  conditions 
f o r  t he  synthesized motion were 
For t he  f i r s t  pa r t  of t he  motion, from t = 0 t o  t = 0.101 second,where the 
model i s  t ravers ing  l a rge  angular excursions, ( C q  + Cm;) = -0.135 gave the  
b e s t  match. It was found t h a t  when the  motion was generated t o  the completion 
time of + Cm;) = -0.135 f o r  the  e n t i r e  in tegra t ion ,  
t he  motion became o s c i l l a t o r y  about t he  heat-shield-forward t r i m  point  a f t e r  
one cycle of the  i n i t i a l  l a rge  amplitude motion ( i . e . ,  a t  
However, w i t h  (Cq + Cm;) = -0.135 f o r  t h i s  mode the  frequency and amplitude 
of t h e  synthesized motion d id  not show an acceptable match t o  t he  frequency 
and amplitude of t he  observed motion beyond t - 0.101 second. Therefore, 
d i f f e ren t  values of ((2% + Cm;) were t r i e d  and the  value ( C  + C 0 )  = -0.02 
w a s  found t o  produce the  bes t  match f o r  t > 0.101 second. ?The :%ion h i s -  
t o r y  shows divergence despi te  a s t ab le  damping parameter because of the  
decreasing dynamic pressure .) 
first  peak of t he  heat-shield-forward mode ( i . e . ,  t = 0.101 s e e ) .  
seen, the  model o s c i l l a t e s  about a t r i m  angle of -155' i n  t h i s  mode. I n  gen- 
e r a l ,  t he  synthesized motion matches the  observed da ta  points  extremely wel l .  
However, as time increased, the  observed motion became l e s s  planar and the 
las t  cycle of  the  heat-shield-forward motion exhibi ted a somewhat e l l i p t i c a l  
motion. Hence, t he  agreement between observed and synthe t ic  r e s u l t s  i s  not as 
good f o r  the  l a t t e r  port ion of t he  motion. 

O i  = 200°, iri = 0, a t  ti = 0.026 second. 

t = 0.22 second with ( C  ms 
t - 0.101 s e e ) .  

This value was a r b i t r a r i l y  in jec ted  a t  the  
A s  can be 

For t he  second f l i g h t  ( f i g .  8 (b)  ) the  model w a s  launched at an i n i t i a l  
Mach number of 0.98 and decelerated t o  The i n i t i a l  conditions f o r  
t he  synthesized motion were 
value of (C% + Cm6) = -0.07 was used t o  obtain t h e  synthet ic  curve, which i s  
reasonably close t o  the  value of -0.135 found t o  apply i n  the  e a r l i e r  por t ion  
of t h e  f i rs t  f l i g h t .  It i s  immediately apparent t h a t  the  motion f o r  t h i s  case 
i s  somewhat d i f f e r e n t  from t h a t  i n  f igure  8 ( a ) .  The da ta  i n  f igu re  8 (b )  show 
two l a rge  angular excursions a s  contrasted t o  one f o r  t he  previous case.  An 
attempt w a s  made t o  determine t h e  pr inc ipa l  cause f o r  t h i s  d i f fe rence .  Syn- 
t h e t i c  motions f o r  each t e s t  were computed f rom a l l  possible  ( i . e . ,  four )  com- 
b ina t ions  of 
(Cq + Cm;) = -0.07, -0.135. 
( f o u r  from each of t he  two t e s t s )  l e d  t o  the conclusion t h a t  no s ingle  cause 
would account f o r  t he  difference i n  the  observed motions. The influencing 
f ac to r s  a r e  several:  (1) the  Mach number difference,  (2) t he  d i f fe rence  i n  
i n i t i a l  amplitude, which i s  a f fec ted  by both Mach number and sabot  separat ion,  
and (3) t he  damping value used, which i s  influenced by Mach number and the  
angle-of-attack range. Regardless of the cause, though, these d i f fe rences  i n  
motion c h a r a c t e r i s t i c s  a r e  well  predicted by synthe t ic  curves. 

M = 0.71. 
o i  = 210°, 5i = 0, a t  ti = 0.042 second. A 

ai = 200°, 2100, and the  two se lec ted  damping values 
A comparison of t h e  e ight  synthesized motions 

. 

Both of t h e  synthesized motions produced f o r  t h e  s t rake  configurations 
showed t h a t  t he  over -a l l  shape of the curve (as defined by both frequency and 

7 
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amplitude h i s t o r i e s )  was very sensitiVe:t&& &$?:change i n  (Cq + CG) . 
(This i s  a l s o  t r u e  t o  a l e s s e r  extent  f o r  thea&2@ two co#$gurations.) For 
bodies w i t h  small damping moments and l i n e a r  s t a t i c  momentStthat a r e  not 
functions of Mach number, a change i n  the  damping paramet6Pwould a f f e c t  only 
t h e  amplitude of t h e  motion and the  frequency would be r e l a t i v e l y  unchanged. 
However, with nonlinear moments and/or moments dependent on Mach number, as we 
have here, a change i n  damping a f f e c t s  not only the  amplitude but  t h e  f r e -  
quency as wel l .  In some cases a change i n  t h e  damping coef f ic ien t  forces  the 
motion in to  o s c i l l a t i o n s  about another s t ab le  t r i m  point  a t  some ins t an t  i n  
t h e  motion h i s to ry .  Because t h e  shape of t he  curve i s  qui te  s ens i t i ve  t o  t he  
damping values used, it i s  f e l t  t h a t  t he  e f f e c t i v e  value of ((2% + Cab) which 
produces the  motion bes t  matching a given s e t  of observed poin ts  i s  determined 
f a i r l y  accurately and i s  representa t ive  o f  an average damping coef f ic ien t  f o r  
t he  angle-of-attack range considered. 

Cormnand Module Plus  Tower With Flap 

The command module plus  tower with f l a p  was t e s t e d  a t  three  d i f f e r e n t  
Mach numbers and the  motion h i s t o r i e s  a r e  shown i n  f igu re  9. 

In  f igure 9(a) the  i n i t i a l  Mach number w a s  1.00 and the  model decelerated 
t o  M = 0.81. (The model was i n  view through 1 3  s t a t i o n s  only.)  Three curves 
are shown, one being a f a i r e d  p l o t  through the  observed da ta  poin ts  and two 
being synthet ic  curves generated from the  computer program. The i n i t i a l  con- 
d i t i o n s  for  the  synthesized motions were 
ond. From a comparison of t he  synthesized motions with the  observed motion it 
i s  immediately apparent t h a t  t he  two motions a r e  similar ( i . e . ,  show o s c i l l a -  
t i o n s  between -285' and -0') but  d i f f e r  considerably i n  frequency. The f r e -  
quency of t he  observed motion i s  higher than t h a t  predicted by the  synthesized 
motion. The observed motion a l s o  appears t o  have a s l i g h t l y  higher t r i m  angle 
than the  synthesized motion. 
because the tower members of t he  f r ee - f l i gh t  model were oversized by about 
75 percent i n  diameter f o r  addi t iona l  s t rength .  Therefore, a t  any u other  
than t h e  t r i m  angle of a t t ack ,  t he  r e su l t i ng  absolute value of t h e  pi tching 
moment would be higher (tower s t ruc tu re  i s  forward of center  of g rav i ty )  f o r  
t he  oversized tower members than f o r  a pe r fec t ly  scaled version such as used 
i n  the  wind-tunnel tests.  
increase in frequency. 

= 285O, ai = 0 ,  at  t i  = 0.042 sec- 
'i 

The d i f fe rence  i n  frequency might be expected 

This increased moment would then produce an 

A s  was mentioned i n  the  discussion on da ta  reduction, wind-tunnel dynamic 
data (Cq t Cm3) versus a were ava i lab le  f o r  t h i s  configurat ion,  and a motion 
was synthesized both with these da t a  and with a constant value of ( C q  + C q )  - 
The da ta  used f o r  (Cq + Cm3) versus a. M = 0 .8 ,  which were the only 
data avai lable  near t he  Mach number range of t h i s  t e s t .  

t he  motion with constant damping and with var iab le  damping are near ly  ident i -  
c a l .  This i l l u s t r a t e s  t h a t ,  f o r  t h i s  case a t  least ,  there  i s  an e f f e c t i v e  
constant value of  damping which represents  t he  var iab le  damping coe f f i c i en t  
qu i te  well .  

8 

were f o r  
A constant value of 

+ Cm;) = -0.13 was used f o r  t h e  constant damping. It i s  apparent t h a t  
(c%l 
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I 

I 

I 
In f igu re  g(b) the  decelerated 

t o  M = 0.48. 
curves a r e  
t h e t i c  curves. 
f o r  var iab le  damping, and one f o r  constant damping. 
case,  (Cq + Cm5) versus a f o r  M = 0.3 was used. 

conditions f o r  t he  synthesized motions were 
ti = 0.068 second. 
motion i n  f igu re  9(a) a t  a higher Mach number, i s  the  f a c t  t h a t  t he  model 
tumbles a f t e r  re turning from a maximum amplitude of -310'. 
t h a t  a decrease i n  the  over-al l  Mach number range or a higher i n i t i a l  ampli- 
tude causes the  model t o  go in to  a tumbling mode. 
determine t h e  primary cause f o r  t h i s  difference i n  motion. 
thesized motions f o r  each t e s t  f o r  a l l  possible combinations of ai = 310°, 
2830, and ( C q  + Cm6) = i0.10, -0.13, it was found t h a t  the  p r inc ipa l  f ac to r  
which produced d i f f e r e n t  motion cha rac t e r i s t i c s  w a s  t he  value o f  damping t h a t  
w a s  used. 
a t t a c k  range. Therefore, t he  difference i n  motion i s  a f fec ted  by both a Mach 
number d i f fe rence  and a d i f fe rence  i n  i n i t i a l  amplitude. 

As:%\ f i gu re  9 (a )  two synthesized motions were produced, one 
For the  var iab le  damping 

The i n i t i a l  
A constant value of 

+ Cm;r) = 0.10 was found bes t  f o r  t h e  constant damping case. (ems 
a i  = 310°, oi = 0, a t  

Immediately apparent i n  f igu re  g (b ) ,  i n  cont ras t  t o  t h e  

It appears then 

An e f f o r t  w a s  made t o  
By computing syn- 

The damping cha rac t e r i s t i c s  depend on Mach number and angle-of- 

Also apparent i n  f igu re  9(b)  i s  the  difference i n  frequency f o r  t he  
observed and synthet ic  curves caused by the  oversized tower members i n  the  
f r ee - f l i gh t  model. Another not iceable  difference i s  t h a t  t he  tumbling r a t e  
observed i n  the  ac tua l  motion appears t o  decrease with time, whereas the  syn- 
thesized motions show tumbling r a t e s  t h a t  increase with time. This d i f fe rence  
may be due t o  t he  f a c t  t h a t  t he  syntheses using constant damping o r  var iab le  
damping a t  only one Mach number a r e  not r e a l l y  qui te  representat ive of what i s  
a c t u a l l y  being f e l t  by the  model i n  f l i g h t .  The value of ( C q  + Cm6) = 0.10 
was chosen as b e s t  f o r  constant damping because it agreed bes t  with t h e  
observed tumbling rate over the  e n t i r e  length of time. However, a value of 
(Cm4 + Cas) = 0.20 produced a curve whose tumbling rate agreed more c lose ly  
with t h a t  of t he  var iab le  damping case. 

Figure g(c)  shows a f a i r ed  p lo t  through t h e  observed da ta  poin ts  f o r  a 
t e s t  with i n i t i a l  and f i n a l  Mach numbers of 0.40 and 0.33, respec t ive ly .  
wind-tunnel da ta  were ava i lab le  f o r  t h i s  Mach number range so  no synthesis  
was attempted. However, it can be seen tha t  t h e  r e su l t i ng  motion exh ib i t s  
near ly  i d e n t i c a l  cha rac t e r i s t i c s  t o  the  observed motion i n  f igure  9(b) a t  
M = 0.62 t o  M = 0.48. Therefore, it appears t h a t  t h e  over-al l  behavior of 
t h e  model i s  not a strong function of Mach nuniber i n  the  lower subsonic range. 

No 

CONCLUSIONS 

The Apollo command module alone and two proposed abort  configurations 
were t e s t e d  i n  f r e e  f l i g h t  i n  t h e  apex-forward a t t i t u d e  and the  r e su l t i ng  

The following conclusions were made: 
9 motions were compared t o  motions computed from conventional wind-tunnel da ta .  

9 
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- 0  a 
1. Angular motion h i s t o r i e s ,  spatBe6Jged*$g %?ne use of conventional wind- 

tunnel aerodynamic da ta ,  showed good agreemgflt fi&h the  1Q5e amplitude, near ly  
planar motions observed i n  f r e e  f l i g h t .  
damping can be obtained by t h i s  technique. 

Effect ive value$@r aerodynamic 
.*. 

2.  The command module alone i s  s t a t i c a l l y  and dynamically s t ab le  a t  a 
t r i m  angle of a t t ack  of 3 6 O  up t o  a t  l e a s t  M = 2.0. 

3. The command module with s t rakes  r o t a t e s  so  t h a t  i t s  heat  sh i e ld  i s  
forward (180~) bu t  does not immediately s t a b i l i z e  i n  t h i s  pos i t ion .  
on Mach number and i n i t i a l  ro t a t ion  r a t e ,  t he  model o s c i l l a t e s  between Oo and 
+OOO f o r  one or more cycles .  

Depending 

4. The command module plus  tower with f l a p  r o t a t e s  i n i t i a l l y  from apex 
foward (Oo) t o  an amplitude of -3OOO and re turns  t o  -0’. 
speeds it passes on through Oo and tumbles. 
appears t o  o s c i l l a t e  between -0’ and -300° and does not tumble. 

For l o w  subsonic 
For high subsonic speeds it 

Ames Research Center 
National Aeronautics and Space Administrat ion 

Moffett F ie ld ,  Ca l i f . ,  May 14, 1965 
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APPEXDIX A 

EQUATIONS OF P I T C H I N G  MOTION FOR A BODY I N  DECELERATING 

FREE F L I G H T  A T  CONSTANT AMBIENT PRFSSURE: 

Vertical 2 

t 
0- 

/ 

V 

X 
Hor it on tal 

The differential equations of planar motion of a body oscillating in 
pitch are 

where 

e 

where g is gravitational acceleration and 

11 



Note tha t  
i n  the  fJ term. 

e = -(D/m) - g s i n  y(g s i n  y - 0); therefore ,  D i s  accounted f o r  

In the above equations 

v = V ( t )  

o r  i n  some cases 

C q  + CrndL = constant 

From the  above sketch 

a l s o  

( f o r  small y )  (A5) 

.. 

i = v s i n  y 2 VY 

z = vi. + t y  
.. 

Solving f o r  ? i n  equation (A3)  and subs t i t u t ing  f o r  Z from (E) one g e t s  

If p?/2 i s  subs t i tu ted  f o r  q 

12 



Note 

... 
0.. 
0 .  
0.. 
0. .  

where CL, i s  t h e  l o c a l  slope along the  curve of  CL versus a. By subs t i -  
t u t i n g  equation (A6b) i n t o  equation (A4b) f o r  
equation (A&) f o r  7 
t i o n  (A4c) i n t o  equation (Al) f o r  

7 and equation (A6c) i n t o  
and then i n  t u r n  subs t i tu t ing  equation (A4b) and equa- 

6 and g ,  one obtains  

Simplifying and using the  r e l a t i o n  

2 17, = m g  
J 

we have 

E - PAV 2m [(c% + c=) ($2 - CLa] ci - 

(A8)  
For t he  conditions of these tests,  a l l  t he  terms following the  f i r s t  th ree  a r e  
negl ig ib le  compared t o  the  t h i r d  term, Cm( pAV2d/21,), and the  f i n a l  equation 
of motion i s  

To general ize  the  above equation f o r  any planar motion case and not just a 
motion i n  the  v e r t i c a l  plane, subs t i t u t e  CT ( the  r e su l t an t  planar angle of 
a t t a c k )  for a i n  equation ( A 9 ) .  



TABU I.- MODEL CHAFWTERISTICS AND TEST CONDITIONS 

Run 

629 
630 
632 
641 

659 

628 

642 
656 

661 

Physical characterist ics of models 

V i  9 V f t  RiXLO-' RfX10-6 kgPjm3 M i  Q m/sec m/sec 

1.18 1.06 408.4 365.8 1.19 1.07 1.19 
1.13 .98 397.8 346.2 3 *67 3 -19 3 *298 
2.05 1.29 707.1 445.0 2.36 1.48 1.201 
1.10 -73 378.1 249.9 1.28 85 1.213 

.40 .33 135.0 110.3 .48 .40 1.253 

0.71 0.67 245.7 229.8 0.82 0.76 1 195 

98 .71 338.3 246.0 1.09 .80 1.174 
.62 .47 211.2 161.2 75 57 1.244 

1.10 .81 341.4 278.3 1.18 97 1.234 

I 

628" 
62 9" 
630" 
632" 

656' 
65gC 
66iC 

641b 
642b 

.5 eo85 
5 -085 
5 -085 
5 eo85 
5.082 
5.082 
5.082 
5.082 
3.082 

0.291 
.291 
.291 
.291 
293 

-293 
352 

,346 
.342 

z,g 
d 

0.053 
-053 
9 053 
*053 
.054 
.054 
.Ob9 

.Oh9 

.050 

20.05 
20.05 
20.09 
20.05 
19  99 
19  99 
11.78 
11.71 
12.21 

a 

b c o m n d  module w i t h  strakes 
Ccormnand module w i t h  tower and f l a p  

cormnand module 

m t  
kg 

0.17126 
.17126 

.17126 
J7157 
17157 

.18665 

.18679 
3 5 7 9  

.17192 

2.21 
2.21 
2.21 
2.21 
2.22 
2.22 
4 .Og 
4.12 
4.43 
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(a )  Command module alone. . 
Figure 4 .- Pitching-moment and l i f t - c o e f f  i c i e n t  data from wind-tunnel 

t e s t s .  
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( b )  Command module with s t rakes .  

Figure 4 .  - Continued . 
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Figure 4 .  - Concluded. 
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